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Background: The mechanism by which molecular chaperones sequester �-synuclein is unknown.
Results:We identify the surface interfaces involved in Hsc70 and Ssa1p interaction with �-synuclein.
Conclusion: Hsc70 and Ssa1p bind �-synuclein like a tweezer through the two tips of their client protein binding sites.
Significance: Elucidating howmolecular chaperones bind proteins involved in neurodegenerative diseases is relevant to design
therapeutic tools.

Fibrillar �-synuclein (�-Syn) is the principal component of
Lewy bodies, which are evident in individuals affected by Par-
kinson disease (PD). This neuropathologic formof�-Syn plays a
central role in PDprogression as it has been shown to propagate
between neurons. Tools that interfere with �-Syn assembly or
change the physicochemical properties of the fibrils have poten-
tial therapeutic properties as they may be sufficient to interfere
with and/or halt cell-to-cell transmission and the systematic
spread of �-Syn assemblies within the central nervous system.
Vertebrate molecular chaperones from the constitutive/heat-
inducible heat shock protein 70 (Hsc/p70) family have been
shown to hinder the assembly of soluble�-Syn into fibrils and to
bind to the fibrils and very significantly reduce their toxicity. To
understand how Hsc70 family members sequester soluble
�-Syn, we set up experiments to identify the molecular chaper-
one-�-Syn surface interfaces. We cross-linked human Hsc70
and its yeast homologue Ssa1p and �-Syn using a chemical
cross-linker andmapped theHsc70- and Ssa1p-�-Syn interface.
We show that the client binding domain of Hsc70 and Ssa1p
binds two regions within �-Syn similar to a tweezer, with the
first spanning residues 10–45 and the second spanning residues
97–102. Our findings define what is necessary and sufficient for
engineering Hsc70- and Ssa1p-derived polypeptide with
minichaperone properties with a potential as therapeutic agents
in Parkinson disease through their ability to affect�-Syn assem-
bly and/or toxicity.

Various factors, including genetic susceptibility and environ-
mental influences, can trigger the assembly of the protein �-sy-
nuclein (�-Syn)3 from its soluble state into fibrils with high
�-sheet content (1, 2). The latter form is one of the principal
components of intracellular Lewy bodies, whose presence in
the central nervous system is a defining feature of Parkinson
disease (PD) and other synucleinopathies (3). Indeed, symp-
toms of PD are apparent after �70% of dopaminergic termini
and/or neurons have been lost, with some of the remaining
neurons containing filamentous �-Syn.
We and others (4–6) recently contributed evidence for

intercellular propagation of �-Syn assemblies in vivo. This
process has been proposed to contribute to the progressive
spreading of �-synucleinopathies throughout the nervous sys-
tem (7, 8). Thus, tools that inhibit �-Syn assembly into fibrils,
which we recently showed to be the most toxic species (9), or
change the physicochemical properties of the fibrils in such a way
that thecell-to-cell propagationof�-Synaggregates is affected, are
most likely expected to have therapeutic potential in PD.
Molecular chaperones facilitate the folding of newly synthe-

sized polypeptides (10). They also inhibit the aggregation of
misfolded and stress-induced unfolded proteins by binding to
exposed hydrophobic regions on non-native proteins and hold-
ing the proteins (11, 12). The expression of members of the
Hsp70 family (13–16) is induced when a cellular environment is
under stress such as heat shock, ischemia, or other stresses (17).
Thispromptedusandothers todocument theeffectofHsc/p70on
�-Syn assembly in vitro and in vivo (18, 19). Hsc/p70 have been
shown to inhibit�-Syn fibril formation. Furthermore, a reduction
in the toxicity of fibrillar�-Synuponcoating the fibrilswithHsc70
was observed. These findings encouraged us to consider the use of
Hsc/p70 as a potential therapeutic tool in PD (18, 20).
Here, using chemical cross-linking with the homobifunc-

tional NHS-ester BS2G, we show evidence for an Hsc70-�-Syn
complex. We map the surface interface between Hsc70 and
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�-Syn after identification of the cross-linked polypeptides by
nanoLC-MS/MS LTQ-Orbitrap analyses.
As the introduction to the body of an endogenous protein as

a therapeutic agent may evoke an autoimmune response as
described (21–25), we also documented the interaction of a
polypeptide that may have an effect on �-Syn assembly and/or
the toxicity similar to Hsc70 although exogenous to the human
body: the yeast homologue of Hsp70, Ssa1p.
We showhere that similarly toHsc/p70, Ssa1p inhibits�-Syn

assembly by sequestering it in an assembly incompetent state.
We determined the affinity of Ssa1p for �-Syn and show that
the apparent dissociation constant is comparable to that we
measured between humanHsc70 and soluble�-Syn. Finally, we
show evidence for an Ssa1p-�-Syn complex using chemical
cross-linking with the homobifunctional NHS-ester BS2G, and
we map the surface interface between Ssa1p and �-Syn after
identification of the cross-linked polypeptides by nanoLC-
MS/MS LTQ-Orbitrap analyses.

EXPERIMENTAL PROCEDURES

Expression and Purification of �-Syn, Hsc70, and Ssa1p—Re-
combinant wild-type �-Syn was expressed in Escherichia coli
strain BL21(DE3) (Stratagene) and purified as described (26).
�-Syn concentration was determined spectrophotometrically
using an extinction coefficient of 5960 M�1�cm�1 at 280 nm.
Pure �-Syn (0.5–1 mM) in 50 mM Tris-HCl, pH 7.5, 50 mM KCl
was stored at �80 °C.
Recombinant hexahistidine tagged wild-type Hsc70 and

Ssa1p (yeast strain AJYM28), were purified as described previ-
ously (18 and 27, respectively). Hsc70 and Ssa1p concentrations
were determined by Bradford assay (28). Pure Hsc70 and Ssa1p
(10–80 �M) in 50 mM Tris-HCl, pH 7.5, 150 mM KCl, 5 mM

�-mercaptoethanol, 5 mM MgCl2, 1 mM EGTA, and 10% glyc-
erol were aliquoted and stored at �80 °C. To make sure that
Hsc70 and Ssa1p are functional, their ATPase activities, alone
or in the presence of �-Syn fibrils, was monitored as described
(29) (data not shown).
Assembly of �-Syn into Fibrils—Soluble wild-type �-Syn was

assembled in 50 mM Tris-HCl, pH 7.5, 150 mM KCl, in the
absence or presence of Ssa1p, with or without ADP-MgCl2 or
ATP-MgCl2 at 37 °C under magnetic stirring. The assembly of
�-Syn with each Ssa1p concentration was performed in tripli-
cate. Aliquots (90 �l) were removed at time intervals, spun at
40,000 � g, 20 °C, and 20 min in a TL100 tabletop ultracentri-
fuge (Beckman Coulter). The proteins within the supernatant
and pellet fractions were analyzed by SDS-PAGE and quanti-
fied following staining/destaining using NIH ImageJ software
(available at rsb.info.nih.gov/ij). The nature of the oligomeric
species was assessed using a Jeol 1400 transmission electron
microscope (Jeol, Ltd.) following adsorption of the samples
onto carbon-coated 200-mesh grids and negative staining with
1% uranyl acetate. The images were recorded with a Gatan
Orius CCD camera (Gatan).
Cross-linking, SDS-PAGE, and Western Blotting—Cross-

linking reactions were carried out with the homobifunctional
sulfo-NHS ester cross-linker reagents BS2G-d0/d4 Bis
[Sulfosuccinimidyl] glutarate, with a 7.7 Å spacer arm (Pierce,
Waltham, MA). �-Syn (100 �M), Hsc70 or Ssa1p (10 �M), or

�-Syn and Hsc70 or Ssa1p (100 and 10 �M, respectively) were
incubated for 2 h at 37 °C under agitation in 50 mM Tris-HCl, pH
7.5, 150 mM KCl, before dialyzing for 2.5 h at 4 °C against cross-
linking buffer (40 mMHepes-OH, pH 7.5, 75 mMKCl before add-
ing the cross-linker. BS2G (50 mM in dimethyl sulfoxide) was
added to givemolar ratio 10:1 BS2G:�-Syn and 100:1 BS2G:Hsc70
or Ssa1p. After 30min at room temperature, the reaction was ter-
minated by addition of ammoniumbicarbonate (50mM). Samples
for SDS-PAGE were immediately mixed (v/v) with denaturing
buffer andheated at 95 °C. SDS-PAGEwasperformed in 7.5% tris-
tricine polyacrylamide gels following the standard method
described by Laemmli (30).
Peptide Preparation—The protein bands corresponding to

�-Syn, Hsc70, Ssa1p, and �-Syn after treatment with BS2G,
Hsc70, or Ssa1p after treatment with BS2G, and the Hsc70-�-
Syn BS2G cross-linked complex and Ssa1p-�-Syn BS2G cross-
linked complex were excised from the SDS-PAGE separation.
Each protein band was subjected to enzymatic digestion using
the Progest robot (Genomic Solutions, Chemsford, MA).
Briefly, protein bands were extensively washed with acetroni-
trile and 25 mM NH4HCO3, before reduction and alkylation of
cysteine residues in the presence of 10 mM DTT and 55 mM of
iodoacetamide. Trypsin (Promega Gold; Promega, Madison,
WI) digestionwas performed overnight at room temperature in
25 mM NH4HCO3. The volume of the trypsin solution (10
ng/�l) was adapted to the size of the protein band excised from
the gel (25 �l per 5 mm3). Peptides were extracted by incuba-
tion during 2 h at room temperature after addition of two vol-
umes of 60% CH3CN, 0.1% HCOOH. The extracted peptides
were vacuum dried, dissolved in water and stored at �20 °C
until MS analysis.
NanoLC-Linear Ion Trap (LTQ)-Orbitrap Mass Spectrome-

try Analysis—Tryptic peptide digests were analyzed by
nanoLC-MS/MS using an EASY-nLC II high performance
liquid chromatography (HPLC) system (Proxeon, Thermo-
Scientific, Waltham, MA) coupled to the nanoelectrospray ion
source of an LTQ-Orbitrap Velos mass spectrometer (Thermo
Scientific). Peptide separation was performed on a reversed-
phase C18 nano HPLC column (100 �m inner diameter, 5-�m
C18 particles, 15-cm length, NTCC-360/100-5) from Nikkyo
Technos (Nikkyo Technos Co., Ltd., Tokyo, Japan). The pep-
tides were loaded at a pressure-dependent flow rate corre-
sponding to a maximum pressure of 200 bars and eluted at a
flow rate of 300 nl/min using a gradient of 5 to 35% solvent B for
60min, followed by a washing step at 100% solvent B. Solvent A
was 0.1% formic acid in water, and solvent B was 0.1% formic
acid in 100% acetonitrile. NanoLC-MS/MS experiments were
conducted in the data-dependent acquisition mode. The mass
of the precursors was measured with a high resolution (60,000
full weight at half maximum) in the Orbitrap. The 20 most
intense ions, above an intensity threshold of 5000 counts, were
selected for CID fragmentation and analysis in the LTQ.
NanoLC-MS/MS data were processed automatically using

the Thermo Proteome Discoverer software (version 1.3) and
the Sequest search engine with the following chemical modifi-
cations: methionine oxidation, cysteine carbamidomethyla-
tion, and monolink or loop link modification of lysine residues
with BS2G-d0 or BS2G-d4. NanoLC-MS data were further ana-
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lyzed as described previously (31). Briefly, nanoLC-MS data
were deisotoped using the Decon2LS software (http://omics.
pnl.gov/software/Decon2LS.php). The resulting csv files were
further analyzed with viper (http://omics.pnl.gov/software/
VIPER.php) (32) to identify, within the nanoLC-MS analysis,
the d0/d4 peptide pairs corresponding to mass differences of
4.0247 Da as a signature of peptides that reacted with at least
onemolecule of BS2G-d0/d4. A list of peptide pairs with amax-
imummass tolerance of 10 ppmwas generated. Mass deviation
and peptide elution time were used to filter the list of peptide
pairs, corresponding to candidate cross-linked peptides or
mono-linked or loop-linked peptides. The list of light and heavy
precursormasses was used to identify the BS2G-d0/d4 peptides
using GPMAW (33) and XQUEST (34) software. MS/MS spec-
tra of the candidate cross-linked peptideswere further analyzed
manually to confirm their identification.

RESULTS

Interaction between Hsc70 and Soluble �-Syn—We recently
demonstrated that Hsc70 sequesters �-Syn in an assembly
incompetent state (18).We show here (Fig. 1A) that the Hsc70-
�-Syn complex is cross-linked by the homobifunctional NHS-
ester BS2G. BS2G reacts with the �-amino group of lysine resi-
dues and the �-amino group from protein N termini and, to a
lesser extent, with the hydroxyl groups of serine, threonine, and
tyrosine residues (35) and has a spacer arm7.7Å long. Thus, the
residues involved in the interaction within the partner protein
complexmust be�7.7Å away fromeachother for cross-linking
to occur. The affinity of Hsc70 for its client polypeptides is
modulated by nucleotides (ATP or ADP). The most efficient
sequestering activity was observed for Hsc70 in the absence of
nucleotide. Hsc70 inhibits to a lesser extent �-Syn assembly in
the presence of ATP (18). This is why cross-linking was per-
formed in the absence of nucleotide. No inhibition �-Syn
assembly is observed in the presence of ADP (18). Consistent
with that no Hsc70-�-Syn complex with apparent molecular
mass of 100 kDa was observed in the presence of BS2G and
ADP.
The Interaction between Ssa1p and Soluble�-Syn—In aman-

ner similar to what we observed upon incubation of Hsc70 with
�-Syn, when Ssa1p and �-Syn are incubated in the presence of
BS2G, an abundant Ssa1p-�-Syn complex with an apparent
molecular mass of �100 kDa forms (Fig. 1B), suggesting that
Ssa1p binds �-Syn.

The effect of Ssa1p on �-Syn assembly was assessed using a
sedimentation assay and electronmicroscopy (EM). Over time,
�-Syn readily assembles into high molecular weight assemblies
in vitro, which sediment upon centrifugation. Assembly follows
a typical sigmoidal pattern, with nucleation, growth, and steady
state phases. In the absence of Ssa1p, the nucleation phase of
�-Syn at 200 �M is �200 min. Upon addition of increasing
concentrations of Ssa1p, the length of the nucleation phase
increases, indicating that the yeast chaperone slows down
�-Syn assembly (Fig. 1C). EM images of the samples at 1200
min show that there are less fibrils and more non fibrillar olig-
omeric species upon increasing the concentration of Ssa1p
from 0 to 10 �M Ssa1p (Fig. 1D). The lag time preceding assem-
bly of �-Syn fibrils in the presence of increasing concentrations

of Ssa1p was measured and plotted as a function of Ssa1p con-
centration and appeared to increase nearly linearly with
increasing Ssa1p concentrations (Fig. 1E). These results there-

FIGURE 1. �-Syn-Hsc70 and �-Syn-Ssa1p complex formation. A, SDS-PAGE
analysis of cross-linked �-Syn and Hsc70. The reaction products generated
upon treatment of �-Syn, Hsc70, and �-Syn in the presence of Hsc70 and the
cross-linking agent BS2G were separated on a 7.5% acrylamide SDS-PAGE and
stained with Coomassie Blue. B, SDS-PAGE analysis of cross-linked �-Syn and
Ssa1p. The reaction products generated upon treatment of �-Syn, Ssa1p,
and �-Syn in the presence of Ssa1p and the cross-linking agent BS2G were
separated on a 7.5% acrylamide SDS-PAGE and stained with Coomassie Blue
(left). C, time courses of �-Syn (200 �M) in the absence (red) and the presence
of increasing concentrations of Ssa1p: blue, 1 �M; dark green, 2 �M; orange, 5
�M; light green, 10 �M. The assembly reactions, performed in triplicate, were
monitored by quantifying �-Syn within the pellet and supernatant fractions
by SDS-PAGE, as described under “Experimental Procedures.” The data were
fitted to the equation, y � a/(1 � exp(b � (c � x))), where a is the proportion
of assembled �-Syn at steady state, c is the time where 50% of assembly is
reached, and b is the slope of the exponential growth phase. D, negative
stained electron micrographs of �-Syn (200 �M) assemblies obtained in the
absence (top) or presence of 10 �M Ssa1p (bottom). Bar, 0.2 �m. E, the lag time
preceding the assembly of a constant �-Syn concentration (200 �M) and
increasing Ssa1p concentrations (1–10 �M) depends on Ssa1p concentrations
as determined from the assembly reactions presented in C. The lag time is
plotted as a function of Ssa1p concentration. F, SDS-PAGE analysis of the
pellet (P) and supernatant (S) fractions of fibrillar �-Syn (60 �M), Ssa1p (6 �M),
and fibrillar �-Syn (60 �M) incubated with Ssa1p (6 �M) for 1 h at 37 °C.
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fore show that Ssa1p affects�-Syn assembly in amanner similar
to Hsc70 (18).
Similarly to Hsc70, Ssa1p also binds to preformed �-Syn

fibrils. Indeed, as shown in Fig. 1F, Ssa1p is found in the pellet
after coincubation with preformed�-Syn fibrils, whereas Ssa1p
is in the supernatant of control samples spun under identical
conditions in the absence of �-Syn fibrils. Binding of Ssa1p to
fibrillar �-Syn reduces significantly the toxicity of �-Syn fibrils
as assessed using the MTT assay and cell survival upon treat-
ment of the cells for 24 h with the assemblies (Fig. 2A). This
parallels a reduced activation of caspase-3 (Fig. 2B).
Identification of the Hsc70 or Ssa1p and �-Syn Cross-linked

Polypeptides—The analytical strategy used to characterize the
polypeptides involved in the Hsc70-�-Syn and Ssa1p-�-Syn
interaction was described previously (31) and relies on the use
of a mixture of the non-deuterated (d0) and deuterated (d4)
forms of BS2G. Untreated, BS2G-treated Hsc70, Ssa1p and
�-Syn and the BS2G cross-linked Hsc70-�-Syn and Ssa1p-�-
Syn complexes resolved by SDS-PAGE were cleaved by trypsin
and the protein sequence coverage determined by the nanoLC-
MS/MS analyses described under “Experimental Procedures.”
The sequence coverage was 94, 98, and 100% for untreated
Hsc70, Ssa1p, and �-Syn, respectively, 78, 92, and 100% for
Hsc70, Ssa1p, and �-Syn treated with BS2G, respectively, and
100 and 78% for�-Syn andHsc70 and 73 and 81% for�-Syn and
Ssa1p, in the cross-linked Hsc70-�-Syn (Fig. 3A) and Ssa1p-�-
Syn complexes, respectively (Fig. 3B). The modified peptides
were detected by MS using the 4.0247 atomic mass unit mass
difference conferred by the binding of the nondeuterated or
deuterated cross-linkers (36, 37). The exact mass measure-

ments we obtained allowed the identification of all of these
peptides usingGPMAW(33) andXQUEST (34) softwarewith a
mass tolerance of 5 ppm. MS/MS fragmentation mass spectra
allowed further unambiguous identification of the cross-linked
peptides and the cross-linking sites. Eight Hsc70-�-Syn cross-
links were thus identified. The identification of two such cross-
linked polypeptides by nanoLC-MS/MS LTQ-Orbitrap analy-
ses is illustrated in Fig. 4. The MS spectra of the quadruple
charged Hsc70 494–500-�-Syn 11–21 and triple charged
Hsc70 551–561-�-Syn 97–102 cross-links with m/z 483.5075/
484.5139 and 667.6883/669.0295 ion pairs for the BS2G-d0 and
BS2G-d4 peptides, are presented in Fig. 4,A andD, respectively.
The LTQ-Orbitrap fragmentationmass spectra of the BS2G-d0
ionswithm/z 483.76 and 668.02 are shown in themiddle panels
of Fig. 4, B and E. Finally, the �-Syn andHsc70 sequences of the
cross-linked peptides identified through y and b fragment ions
are displayed in Fig. 4, C and F.

As to Ssa1p-�-Syn, 11 cross-links were identified. The iden-
tification of two representative cross-linked polypeptides by
nanoLC-MS/MS LTQ-Orbitrap analyses are presented in Fig.
5. The MS spectra of the triple charged Ssa1p 491–497-�-Syn
11–21 and Ssa1p 548–567-�-Syn 97–102 cross-links withm/z
620.3333/621.6749 and the quadruple charged 737.3781/
738.3834 ion pairs for the BS2G-d0 and BS2G-d4 peptides, are
shown in Fig. 5, A and D. The LTQ-Orbitrap fragmentation
mass spectra of the BS2G-d4 ions with m/z 621.67 and 738.38
are presented in Fig. 5, B and E. Finally, the �-Syn and Ssa1p
sequences of the cross-linked peptides identified through y and
b fragment ions are displayed in Fig. 5, C and F.

FIGURE 2. Viability of H-END cells upon exposure to fibrillar �-Syn in the absence or presence of Ssa1p and caspase-3 activation. Before exposure to
cells, fibrillar �-Syn (100 �M) was incubated for 1 h at 37 °C with Ssa1p (25 �M). Fibrillar �-Syn was centrifuged for 20 min at 16,100 � g, and the pellet was
resuspended in the culture medium to remove unbound Ssa1p. The final protein concentration within the culture medium was 1 �M. A, left axis, cell viability
is expressed as the percentage of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction using cells treated with the same volume of
buffer as a reference (100% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction) after incubation of the cells with the different proteins for
24 h. The values are mean � S.E. obtained from three independent experiments. Right axis, proportion of murine endothelioma H-END surviving after exposure
to fibrillar �-Syn covered or not by Ssa1p. In the latter measurements, cells lifted by 0.5 mM EDTA were incubated for 20 min in suspension in the presence of
naked or Ssa1p coated fibrillar-Syn. The cells were then plated on Petri dishes and cultured for 24 h in the presence of added �-Syn. The surviving adherent cells
were then lifted by EDTA, and their number was determined in the presence of trypan blue in four independent experiments using a hemocytometer.
B, caspase-3 activation in H-END cells incubated with 1 �M naked fibrillar �-Syn (solid bar) or fibrilar �-Syn pre-incubated with Ssa1p as described above (gray
bar). Data are shown as fold increase relative to the caspase-3 activity measured in control cells treated with assembly buffer (white bar). Data are mean � S.E.
(n � 3). *, p � 0.05 (Student’s t test).
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The list of BS2G cross-linked Hsc70-�-Syn and Ssa1p-�-Syn
peptides within the complexes identified following exactly the
approach exemplified above is presented in Tables 1 and 2.

Cross-links involving Hsc70 494–500, 508–517, 551–561, and
558–569, Ssa1p 445–448, 447–455, 491–497, 498–506, 522–
532, 533–547, and 548–567 (Table 1) and �-Syn 7–12, 11–21,
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13–23, 22–32, 24–34, 33–43, 44–58, and 97–102 were identi-
fied (Table 2). All of the cross-linked lysine residues within
Hsc70 (Lys-497, Lys-512, Lys-557, and Lys-561) and Ssa1p (Lys-
446,Lys-448,Lys-494,Lys-504,Lys-528,Lys-536, andLys-556) are
situatedwithin the client protein bindingdomainof themolecular
chaperones. None of the lysine residues located within the nucle-
otide binding domains of the molecular chaperones and exposed
at the surface of eitherHsc70or Ssa1p, 27 and26 lysine residues in
total, respectively,were found cross-linked to�-Syn.This strongly
suggests that the complexeswe identified are not the consequence
of unspecific interactions or random encounters. Lysine residues
exposure to solventswas estimatedusingCCP4 (38) solvent acces-

sible surfaces tools (AREAIMOL) using the structuralmodels that
we built (see below).
Four lysine residues from �-Syn (Lys-12, Lys-21, Lys-23, and

Lys-32) are found cross-linked to Lys-497 from Hsc70. Two
additional lysines from �-Syn (Lys-10 and Lys-97) are found
either cross-linked to Lys-497 or Lys-512 or to Lys-557 or Lys-
561 from Hsc70. Similarly, seven lysine residues from �-Syn
(Lys-10, Lys-21, Lys-23, Lys-32, Lys-34, Lys-45, and Lys-97) are
found cross-linked to unique lysine residues from Ssa1p (Lys-
448, Lys-494, Lys-528, and Lys-556). One additional lysine res-
idue from �-Syn (Lys-12) is found cross-linked to several lysine
residues from Ssa1p (Lys-446, Lys-494, Lys-504, and Lys-536).

FIGURE 3. Primary structure coverage of �-Syn, Hsc70, and Ssa1p obtained following tryptic digestion of the Hsc70-�-Syn (A) and Ssa1p-�-Syn (B)
BS2G cross-linked complex. The stretches labeled in gray correspond to peptides identified by nanoLC-MS/MS analysis. The lysine residues identified as
mono-linked or loop-linked are in red, and those cross-linked within the Hsc70-�-Syn BS2G complex (A) and Ssa1p-�-Syn BS2G (B) complex are underlined.
Sequence coverage was 100% for �-Syn and 75% for Hsc70 and 73% for �-Syn, and 74% for Ssa1p in the Hsc70-�-Syn and Ssa1p-�-Syn BS2G cross-linked
complex, respectively. Hsc70 and Ssa1p sequences start at �6, to exclude the His6 tag and correspond to the exact amino acids numbering of the Hsc70 and
Ssa1p sequences.

FIGURE 4. Identification of two cross-links between �-Syn and Hsc70. A–C, identification of the cross-link between peptide 11–21 from �-Syn and peptide
494 –500 from Hsc70. A, mass spectrum of the quadruple charged cross-linked peptide with m/z 483.5075 and 484.5138 for the BS2G-d0 and BS2G-d4 peptides
respectively. B, fragmentation spectrum of the precursor ion at m/z 483.76 corresponding to the second isotope of the BS2G-d0 peptide. The identified
fragments and their charge state are indicated. The asterisks indicate the fragments with the BS2G-d0 cross-linker. C, the identified fragments are indicated on
the cross-linked sequences. The �- and �-sequences correspond to the 11–21 �-Syn and the 494 –500 Hsc70 peptides, respectively. This cross-link involves
residues Lys-12 and Lys-497 from �-Syn and Hsc70, respectively. D–F, identification of the cross-link between peptide 97–102 from �-Syn and peptide 551–561
from Hsc70. D, mass spectrum of the triple charged cross-linked peptide with m/z 667.6883 and 669.0295 for the BS2G-d0 and BS2G-d4 peptides, respectively.
E, Fragmentation spectrum of the precursor ion at m/z 668.02 corresponding to the second isotope of the BS2G-d0 peptide. The identified fragments are
indicated, together with their charge state. The asterisks indicate the fragments with the BS2G-d0 cross-linker. F, the identified fragments are indicated on the
cross-linked sequences. The �- and �-sequences correspond to the 97–102 �-Syn and the 551–561 Hsc70 peptides, respectively. This cross-link involves
residues Lys-97 and Lys-557 from �-Syn and Hsc70, respectively.
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We conclude from these observations that �-Syn interacts
exclusively with the client binding domain of the molecular
chaperones Hsc70 and Ssa1p. We further conclude that �-Syn
interacts with a subset of lysines from the client polypeptide
binding domain of Hsc70 (four of 25) and Ssa1p (seven of 25).
The latter findings highlight the specificity of the interaction
between Hsc70 or Ssa1p and �-Syn.

We built a three-dimensional model of Hsc70 using the
structures of the ATPase and peptide binding domains, amino
acid residues 1–537 of bovine Hsc70 (Uniprot entry P19120),
which shares 100% primary structure identity with human
Hsc70, and the NMR solution structure of the C-terminal
domain (amino acids 537 to 610) of human Hsp70 (Uniprot
entry P08107, sharing 69% sequence identity with Hsc70), Pro-

FIGURE 5. Identification of two cross-links between �-Syn and Ssa1p. A–C, identification of the cross-link between peptide 11–21 from �-Syn and peptide
491– 497 from Ssa1p. A, mass spectrum of the triple charged cross-linked peptide with m/z 620.3333 and 621.6749 for the BS2G-d0 and BS2G-d4 peptides,
respectively. B, fragmentation spectrum of the precursor ion at m/z 621.67 corresponding to the first isotope of the BS2G-d4 peptide. The identified fragments
are annotated on the peptide sequence, and their charge states are indicated. The asterisks indicate the fragments with the BS2G-d4 cross-linker. C, the
identified fragments are indicated on the cross-linked sequences. The �- and �-sequences correspond to the 11–21 �-Syn and the 491– 497 Ssa1p peptides,
respectively. This cross-link involves residues Lys-12 and Lys-494 from �-Syn and Ssa1p, respectively. D–F, identification of the cross-link between peptide
97–102 from �-Syn and peptide 548 –567 from Ssa1p. D, mass spectrum of the quadruple charged cross-linked peptide with m/z 737.3781 and 738.3834 for the
BS2G-d0 and BS2G-d4 peptides, respectively. E, fragmentation spectrum of the precursor ion at m/z 738.63 corresponding to the second isotope of the
BS2G-d4 peptide. The identified fragments are indicated, together with their charge state. The asterisks indicate the fragments with the BS2G-d4 cross-linker.
F, the identified fragments are indicated on the cross-linked sequences. The �- and �-sequences correspond to the 97–102 �-Syn and the 548 –567 Ssa1p
peptides, respectively. This cross-link involves residues Lys-97 and Lys-556 from �-Syn and Ssa1p, respectively.

TABLE 1
List of the identified Hsc70-�-synuclein cross-linked peptides
For each identified cross-linked peptide in Hsc70-�-Syn BS2G complexes, the table gives the experimental mass (M exp), the charge state (z), the m/z ratio for both the
BS2G-d0 and the BS2G-d4 peptides, the amino acid segment, the cross-linked lysine residue (XL site), and the amino acid sequence for both the Ssa1p peptide and the�-Syn
peptide. DM (ppm) corresponds to the mass deviation between the experimental mass and the theoretical mass, given by XBobCat software (34).

BS2G-d0 peptides BS2G-d4 peptides Hsc70 peptide �Synuclein peptide
�M
(ppm)M exp z m/z M exp z m/z Segment XL site Sequence Segment XL site Sequence

1460.7821 3 487.9352 1464.8069 3 489.2768 494–500 Lys-497 STGkENK 7–12 Lys-10 GLSkAK 0.9
1900.0430 3 634.3555 1904.0687 3 635.6974 508–517 Lys-512 GRLSkEDIER 7–12 Lys-10 GLSkAK 2.7
1916.9759 4 480.2518 1921.0031 4 481.2586 494–500 Lys-497 STGkENK 22–32 Lys-23 TkQGVAEAAGK 2.3
1916.9759 4 480.2518 1921.0031 4 481.2586 494–500 Lys-497 STGkENK 24–34 Lys-32 QGVAEAAGkTK 2.3
1929.9987 4 483.5075 1934.0243 4 484.5138 494–500 Lys-497 STGkENK 11–21 Lys-12 AkEGVVAAAEK 1.1
1960.0100 3 654.3445 1964.0351 3 655.6862 494–500 Lys-497 STGkENK 13–23 Lys-21 EGVVAAAEkTK 0.7
2000.0414 3 667.6883 2004.0650 3 669.0295 551–561 Lys-557 ATVEDEkLQGK 97–102 Lys-97 kDQLGK 0.6
2198.1515 4 550.5457 2202.1751 4 551.5516 558–569 Lys-561 LQGkINDEDKQK 97–102 Lys-97 kDQLGK 1.3
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tein Data Bank codes 1YUW and 2LMG, respectively. The
structure of 2LMG was mutated to fit the sequence of Hsc70
and positioned relative to the peptide binding domain using
E. coli DnaK structure (Uniprot entry P0A6Y8, Protein Data
Bank code 1BPR). For Ssa1p, the three-dimensional model was
built using the ATPase domain of bovine Hsc70 (Uniprot entry
P19120) and the peptide binding domain of E. coli DnaK (Uni-
prot entry P0A6Y8), Protein Data Bank codes 3HSC and 1BPR,
respectively. TheATPase domain of bovineHsc70 and the pep-
tide binding domain of E. coliDnaK share 92 and 67% sequence
similarity with the corresponding domains of Ssa1p. The three-
dimensionalmodels presented in Fig. 6were used tomapHsc70
and Ssa1p lysine residues involved in interactions with �-Syn.
The observation that Lys-12, Lys-21, Lys-23, Lys-32, andLys-97
from �-Syn are exclusively found within 7.7 Å distance from
Lys-497, Lys-557, and Lys-561 from Hsc70, whereas Lys-10
from from �-Syn is found cross-linked with Lys-497 and Lys-
512 from Hsc70 strongly suggests that one part of �-Syn is
specifically docked to Hsc70 client protein binding site,
whereas the other is flexible and capable of interacting with
several regions within this site. This conclusion is further
strengthened by the finding that Lys-10, Lys-21, Lys-23, Lys-32,
Lys-34, Lys-45, and Lys-97 from �-Syn are exclusively cross-
linked to Lys-448, Lys-528, and Lys-556 from Ssa1p, respec-
tively, whereas Lys-12 from �-Syn is found cross-linked with
Lys-446, Lys-494, Lys-504, or Lys-536 from Ssa1p, suggesting
once again that one part of�-Syn is specifically docked to Ssa1p
client protein binding site, whereas the other is flexible and
capable of interacting with several regions within this site.

DISCUSSION

�-Syn assembly into high molecular weight species is tightly
associated to the pathogenesis of PD.We and others previously
showed that members of the molecular chaperone family such
as Hsc70, Hsp70, and Hsp90 inhibit �-Syn assembly into fibrils
in vitro, reduce the size of �-Syn aggregates in vivo, and protect
against �-Syn toxicity (4–6). Extracellular fibrillar �-Syn
assemblies have also been shown to be uptaken by cells exposed
to these aggregates, to seed the aggregation of endogenous
�-Syn, and to propagate from cell-to-cell (4). It has been
hypothesized that the latter phenomena might contribute to
the progressive spread of aggregated �-Syn throughout the
nervous system in synucleinopathies (7, 8). As molecular chap-

erones sequester �-Syn in an assembly incompetent state and
as they reduce the toxicity of fibrils most likely because they
change their physicochemical properties upon binding to the
fibrils, there is a possibility that they could be effective thera-
peutic agents in PD (18, 20). We therefore assessed the surface
interface between Hsc70 and �-Syn using chemical cross-link-
ing and nanoLC-MS/MS LTQ-Orbitrap analyses to design
through future investigations a minimal synthetic molecular
chaperone containingwhat is necessary and sufficient for inter-
acting with �-Syn. Indeed, the thorough identification of client

TABLE 2
List of the identified Ssa1p-�-synuclein cross-linked peptides
For each identified cross-linked peptide in Ssa1p-�-Syn BS2G complexes, the table gives the experimental mass (M exp), the charge state (z), the m/z ratio for both the
BS2G-d0 and the BS2G-d4 peptides, the amino acid segment, the cross-linked lysine residue (XL site), and the amino acid sequence for both the Ssa1p peptide and the�-Syn
peptide. DM (ppm) corresponds to the mass deviation between the experimental mass and the theoretical mass, given by XBobCat software (34).

BS2G-d0 peptides BS2G-d4 peptides Ssa1p peptide �-Synuclein peptide
�M
(ppm)M exp z m/z M exp z m/z Segment XL site Sequence Segment XL site Sequence

1613.897 3 538.973 1617.9217 3 540.31451 445–448 Lys-446 AkTK 11–21 Lys-12 AkEGVVAAAEK 1
1699.946 3 567.6558 1703.9707 3 568.99751 447–455 Lys-448 TkDNNLLGK 7–12 Lys-10 GLSkAK 0.8
1844.958 3 615.9932 1848.9824 3 617.33474 491–497 Lys-494 GTGkSNK 24–34 Lys-32 QGVAEAAGkTK 0.7
1857.9783 3 620.3334 1862.0028 3 621.67488 491–497 Lys-494 GTGkSNK 11–21 Lys-12 AkEGVVAAAEK 0.7
1887.99 3 630.3371 1892.0141 3 631.67864 491–497 Lys-494 GTGkSNK 13–23 Lys-21 EGVVAAAEkTK 0.4
1966.037 3 656.3528 1970.06135 3 657.69439 491–497 Lys-494 GTGkSNK 33–43 Lys-34 TkEGVLYVGSK 0.3
2184.174 4 547.0507 2188.1982 4 548.05683 498–506 Lys-504 ITITNDkGR 11–21 Lys-12 AkEGVVAAAEK 0.6
2310.2169 4 578.5615 2314.2416 4 579.56768 491–497 Lys-494 GTGKSNK 44–58 Lys-45 TkEGVVHGVATVAEK 0.4
2578.2499 4 645.5698 2582.2742 4 646.57583 522–532 Lys-528 FKEEDEkESQR 22–32 Lys-23 TkQGVAEAAGK 0.5
2831.5283 4 708.8894 2835.55245 4 709.89539 533–547 Lys-536 IASkNQLESIAYSLK 11–21 Lys-12 AkEGVVAAAEK 0.1
2945.4831 4 737.3781 2949.50715 4 738.38406 548–567 Lys-556 NTISEAGDkLEQADKDTVTK 97–102 Lys-97 kDQLGK 0.1

FIGURE 6. Location of the cross-linked lysines in Hsc70 (A) and Ssa1p (B).
Lysine residues are depicted as orange sticks, and cross-linked lysines are col-
ored in red. For each lysine from Hsc70 (A) and Ssa1p (B) cross-linked to �-Syn
in the Hsc70-�-Syn and Ssa1p-�-Syn BS2G complex, the cross-linked lysine
residue from �-Syn is indicated in black. The Hsc70 and Ssa1p three-dimen-
sional model were built as described in the text. This figure was generated
using PyMOL.
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protein binding sites was successful in designing the GroEL-
derivedminichaperone that has been shown to have high chap-
erone activity, independent of the central cavity or allosteric
behavior. As the introduction of an endogenous protein or a
fragment thereof within the body may evoke an autoimmune
response, we also mapped the surface interface between the
yeast homologue of Hsc/p70, Ssa1p, and �-Syn.
We show here that �-Syn cross-links to Hsc70 and Ssa1p in

the presence of the homobifunctional NHS-ester BS2G to yield
Hsc70-�-Syn and Ssa1p-�-Syn complexes with apparent
molecular masses of �100 kDa. �-Syn binds to the client pro-
tein binding sites of Hsc70 and Ssa1p. The residues involved in
the interaction were identified by nanoLC-MS/MS LTQ-
Orbitrap analyses of the tryptic digest of the BS2G cross-linked
Hsc70-�-Syn and Ssa1p-�-Syn complexes. The finding that
Lys-97 from �-Syn is exclusively found within 7.7 Å distance
(the length of BS2G spacer arm) from Lys-557 and Lys-561
fromHsc70 and Lys-556 from Ssa1p which all lie within the lid
of the client binding domain of the molecular chaperones,
whereas Lys-10, Lys-12, Lys-21, Lys-23, Lys-32, Lys-34, and
Lys-45 from �-Syn is found cross-linked with Lys-497 and Lys-
512 from Hsc70 and Lys-446, Lys-448, Lys-494, Lys-504, Lys-
528, Lys-536, or Lys-556 from Ssa1p strongly suggests that one
part of �-Syn is specifically docked to the Ssa1p client protein
binding site, whereas the other is flexible and capable of inter-
acting with several regions within this site. Two amino acid
stretcheswithin�-Syn located between residues 45 and 97 have
hydrophobicity scores equivalent to DNAK client peptide

NRLLLTG (Protein Data Bank code 1DKX), allowing them to
bind the client binding sites of Hsc70 and Ssa1p. These
stretches span residues 50–56 and 69–79 based on Kyte and
Doolittle hydrophobicity profiles. The dynamics of�-Syn bind-
ing to Hsc70 and Ssa1p allows �-Syn Lys-97 to interact with
Hsc70 Lys-557 and Lys-561 and Ssa1p Lys-556, whereas the
rest of the N-terminal part of �-Syn interacts with either the
back or the bottom tip of the client protein binding site of
Hsc70 and Ssa1p leading to a scheme where Ssa1p and Hsc70
appear to bind �-Syn as a tweezer, through the two tips of their
client protein binding site (Figs. 6 and 7).
Our findings together with those where antibodies directed

against�-Syn assembly are used (39, 40) lay the foundations for
a therapeutic strategy targeting soluble �-Syn and inhibiting its
assembly into fibrils or modifying the surface properties of
fibrils in such a way that they become less toxic and/or inter-
cellular propagation is perturbed. Indeed, our results are
invaluable for the design of future therapeutic tools in PD as we
describe within a molecular chaperone client binding domain
what is necessary and possibly sufficient to bind �-Syn. This
should allow the engineering of a subset of the client binding
site ofmolecular chaperones from theHsc/p70 family that bind
�-Syn in a manner similar to the entire chaperone or with
increased affinity. The agent should ideally be based on a non-
human protein, as small as possible while still effective, to limit
the chance of autoantibodies being produced leading to auto-
immune disease, similar to that seen when the drug levodopa
was first introduced to alleviate PD symptoms (22–25).

FIGURE 7. Molecular model for the binding of �-Syn to Ssa1p. The proposed model is based on the identification of the residues involved in the interaction
between the heat shock protein Ssa1p and �-Syn, probed by chemical cross-linking. Lys-10, Lys-21, Lys-23, and Lys-97 from �-Syn are exclusively cross-linked
to Lys-448, Lys-528, and Lys-556 from Ssa1p, whereas Lys-12 from �-Syn is found cross-linked with Lys-446, Lys-494, Lys-504, or Lys-536 from Ssa1p. This
suggest that after the docking of the regions centered on residues Lys-97 and Lys-556 in �-Syn and Ssa1p, respectively, the N-terminal part of �-Syn establishes
interactions with either the back or the bottom tip of the client proteins binding site of Ssa1p. At one stage, Ssa1p appears to bind �-Syn as a tweezer, through
the two tips of its client protein binding site.
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